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a b s t r a c t 
High silicon ferritic spheroidal graphite cast irons have been developed for high temperature service, in
particular under thermal cycling conditions. The theoretical maximum service temperature is defined as
the upper limit of the two-phase ferrite + graphite domain, which increases with the alloy silicon content. 
While isothermal heat treatment close to this temperature showed little evolution of the graphite distri- 
bution, thermal cycling led to a significant coarsening of the graphite particles associated with dendritic
overgrowth of the large graphite particles. This unexpected behaviour is here observed and described for
the first time.
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4  Studies devoted to high temperature behaviour of ferritic cast
irons have been concerned with oxidation resistance and mechan-
ical properties. Because silicon is known to increase both oxida-
tion resistance and the upper temperature of the domain where
ferrite is stable, high-silicon spheroidal graphite cast irons (SGI)
have been developed since the 1980s [1 , 2] . These alloys are used in
many applications including loading under thermal cycling. Studies
about the effect of thermal cycling on tensile properties [3 , 4] and
about the thermomechanical behaviour [5 , 6] of high silicon SGI
have been carried out with maximum temperature up to 800 °C
which was within the ferritic domain for the investigated alloys.
These studies involved a limited number of cycles and the only
changes in microstructure that were reported concerned oxidation
of inclusions associated with the last-to-solidify areas and partial
recrystallization of ferrite for the highest maximum temperatures
(750 °C and 800 °C). 
Investigating the behaviour of high-silicon SGI when submit-
ted to a much higher number of thermal cycles is of interest as
this may be more representative of the actual life cycle of indus-
trial components. In order to do so, a material containing mainly
3.10 wt.% C, 4.45 wt.% Si, 0.25 wt.% Mn and also 0.0037 wt.% Sb (bal-
ance Fe) was selected. Before casting, the melt was treated for
graphite spheroidisation and inoculated as described previously
[7] . Metallographic observation showed a fully ferritic matrix in∗ Corresponding author.
E-mail address: Jacques.lacaze@ensiacet.fr (J. Lacaze).
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https://doi.org/10.1016/j.scriptamat.2019.11.001he as-cast state, with an even distribution of graphite spheroids
s seen in Fig. 1 a. The surface number density of spheroids was
80 particles per mm 2 and the graphite fraction was about 0.1. 
Two types of experiments were run on 10 ×20 ×2 mm 3 sam-
les: isothermal heat treatment and cyclic heat treatment. Isother-
al heat treatment was performed in a muffle furnace for 50 h at
00 °C. Thermal cycling was performed between 100 °C and 800 °C
n a dedicated facility. In this facility, 10 samples were hung to a
older which was cyclically introduced into a furnace pre-heated
o 800 °C, and then withdrawn from the furnace and fan-cooled
efore being heated up again. One of the samples had a thermo-
ouple welded on it for continuous control of the thermal cycles.
he whole thermal cycle duration was 480 s, including 360 s of
eating, 60 s of holding at 800 ± 10 °C and 60 s of cooling. Part of
he samples was withdrawn for analysis after 10 0 0, 20 0 0 and fi-
ally 30 0 0 cycles. This latter number of cycles was selected so that
he time nominally spent at 800 °C should be 50 h. 
Metallographic observations and 2D image analysis were car-
ied out on the bulk of the heat treated specimens which was
ot affected by surface oxidation and decarburization. Image anal-
sis was carried out to quantify the evolution of the graphite vol-
me fraction, particles number density and size distribution. Par-
icle size was evaluated using an equivalent diameter D equal to
 · A P , where A and P are respectively the area and perimeter of a
article. Measurements were carried out on 10 micrographs taken
long the centre of the sample section and then averaged. 
Fig. 1 b shows that isothermal heat treatment may result in a
ery slight coarsening of the graphite spheroids which was better
Fig. 1. Optical micrographs of the alloy in the as-cast state (a), after isothermal treatment of 50 h at 800 °C (b), and after 30 0 0 thermal cycles (c).
Fig. 2. Variation of the normalised number distribution of 2D equivalent diameters
of the graphite particles after isothermal holding at 800 °C and after 10 0 0, 20 0 0
and 30 0 0 thermal cycles, as compared to the distribution in the as-cast material.
The insert corresponds to a zoom in the domain of particles larger than 30 μm in
equivalent diameter. The maximum observed standard deviation was ±10% of the 
value shown for any of the classes.
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w  videnced by the number density of graphite particles (see below).
n contrast, Fig. 1 c shows that the microstructure of the sample
fter 30 0 0 cycles presents a marked coarsening of the graphite
articles which is associated with morphological instability of the
argest growing particles. 
It was observed that the number density of graphite particles
ecreased from 580 mm −2 for the as-cast sample to 520 mm −2 
or the sample isothermally treated and to 470–500 mm −2 for the
hermally cycled samples. These values confirm a slight coarsen-
ng process during isothermal treatment, and a stronger effect of
hermal cycling. 
The normalized distributions of graphite particles size obtained
fter isothermal holding and after 10 0 0, 20 0 0 and 30 0 0 cycles are
ompared to the initial distribution in the as-cast material in Fig. 2 .
he relative distributions for the heat-treated samples are all sim-
lar, showing an increase in the number of 0–10 μm and 20–30 μm
articles, and a decrease in the number of the 10–20 μm ones
hen compared to the as-cast sample distribution. More signifi-
antly, it is seen that thermal cycling leads to the increase in the
umber of particles with equivalent diameter higher than 30 μm. Its also clearly seen that the size of the largest particles increased
rom 30–40 μm in the as-cast state to more than 60 μm after 30 0 0
ycles. 
Coarsening of graphite particles has been reported in the case
f heat-treatment at a temperature where austenite is stable but
ever when the matrix remains ferritic. In contrast to the case of
ustenite, the carbon content in ferrite is assumed so low that such
 phenomenon has been generally considered as unexpected. How-
ver, in the present work, it was observed that the apparent frac-
ion of graphite measured on 2D metallographic sections did sig-
ificantly increase with cycling from 0.1 in the as-cast state to 0.17
fter 30 0 0 cycles. Measurements of the sample density showed
 correlated decrease, from 6.9 g/cm 3 for the as-cast sample to
.8, 6.6 and finally 6.4 g/cm 3 respectively after 10 0 0, 20 0 0 and
0 0 0 cycles. This correlation means that cavities developed dur-
ng cycling which were considered as graphite during image anal-
sis because they had the same contrast on light optical micro-
raphs. In other words, graphite particles did partly dissolve and
arbon atoms were transferred to other locations in relation to
oarsening. 
In the present case, these cavities certainly developed first at
he interface between graphite precipitates and the matrix, but
hen evolved into holes left by the small spheroids being dissolved
uring the coarsening process. Unfortunately, it was not possible
o identify unambiguously these cavities on metallographic sec-
ions as graphite particles may have also spalled off during sam-
le preparation. To evaluate the actual possibility for graphite to
issolve during heat-treatment in the ferritic domain, the Fe-C iso-
leth section of the Fe-C-Si-Mn phase diagram at 4.45 wt.% Si and
.25 wt.% Mn was drawn ( Fig. 3 ). It is seen that the carbon content
n ferrite increases above 700 °C, being about 0.012 wt.% at 800 °C
hile it is virtually zero at 700 °C and below. It can thus be con-
ectured that this change in ferrite carbon content between 700 °C
nd 800 °C is instrumental in the coarsening process. 
Fig. 3 shows also that the lowest temperature of the fer-
ite/austenite/graphite three-phase field is 860 °C, i.e., that a heat-
reatment with a maximum temperature at 800 °C should not
ead to the appearance of austenite. However, because micro-
egregation of silicon that has developed during solidification
ould have triggered partial transformation of ferrite to austenite,
t appeared necessary to verify that there was no phase change in
he studied material during thermal cycling with an upper temper-
ture of 800 °C. Differential thermal analyses were thus run at 2, 5,
0 and 20 °C/min (see supplementary information). The measured
emperatures for the start of transformation upon heating, T start-C ,
nd for the end of transformation upon cooling, T peak-R , were plot-
ed versus the scanning rate. The values extrapolated to a zero
canning rate are 860 °C upon heating and 840 °C upon cooling,
hus confirming that there is no phase change during thermal cy-
ling when the maximum temperature is set at 800 °C. 
The most intriguing observation made during the present work
as the characteristics of the protuberances developing on the
Fig. 3. Isopleth Fe-C section of the Fe-C-Si-Mn phase diagram at 4.45 wt.% Si and 0.25 wt.% Mn showing that ferrite (BCC_A2) is stable up to a temperature of 860 °C where
austenite (FCC_A1) appears. The calculations were made with the Thermocalc software and using the TCFE8 database [8] .
Fig. 4. Optical micrograph (polarised light) of dendritic protuberances observed on
the sample having been submitted to 20 0 0 thermal cycles. The white dashed circle
superimposed on the graphite particle to the left defines the central compact part
which is considered as the original nodule. The extensions out of this circle are thus
the protuberances grown during thermal cycling.
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d  largest spheroids. Fig. 4 shows that after 20 0 0 cycles they assume
a dendritic shape protruding from the initial compact spheroids.
The length of these protuberances goes up to 30–40 μm in Fig. 4 .
After 10 0 0 cycles, it was observed that the protuberances have
just started to develop while after 30 0 0 cycles the coarsening pro-
cess led to a thickening of the dendritic protuberances which often
joined each other. In this latter case, areas of matrix were found
isolated by graphite "arches" very similar to those described by
Monchoux et al. [9] . Note that this latter study involved heating in
the austenitic domain while the present results demonstrate that
graphite dissolution may take place without the ferrite to austen-
ite transformation of the matrix. 
Some hints for understanding the growth phenomenon could
be gained by evaluating the extent of graphite dissolution upon
heating from room temperature (RT) to 800 °C. The carbon balance
can be written as: 
ρ iron · w 0 C = ρg · w g · g g + ρα · w αC · g α (1)C o  here ρ iron and w 0 
C 
are the density and carbon content of the alloy,
φ , g φ and w 
φ
C 
are, respectively, the density, the volume fraction
nd the carbon content of phase ϕ (g: graphite; α: ferrite). This
ass balance may be differentiated and, after rearrangement using
 g α = −d g g , one gets: 
 g g = −
w g 
C 
· g g · d ρg + ( 1 − g g ) ·
(
ρα · dw αC + w αC · d ρα
)
ρg · w g 
C 
− ρα · w α
C
(2)
High temperature X-rays were conducted to evaluate the
hange in lattice parameter of ferrite in the temperature range
rom RT to 800 °C. The expansion coefficient was found equal to
.5 • 10 −5 °C −1 . Using the density of a cast iron containing 4.25 wt.%
i [10] , ρα was evaluated at 7570 kg.m −3 at RT. With the above ex-
ansion coefficient, the ferrite density is evaluated as 7300 kg.m −3 
t 800 °C, and its average value ρ¯α between RT and 800 °C could
e set to 7435 kg.m −3 . The density of graphite ρg varies from
262 kg.m −3 at RT to 2221 kg.m −3 at 800 °C [11] and its average
alue ρ¯g was set to 2240 kg.m −3 . From all these values, it can be
oncluded that the first and last terms of the numerator in the
ight-hand side of Eq. (2) are negligible. The average change g g 
etween RT and 800 °C may thus be approximated as: 
g g ≈ − ( 1 − g 
g ) · ρ¯α · w αC
ρ¯g · w g 
C 
− ρ¯α · w¯ α
C
(3)
According to Fig. 3 , w α
C 
was set at 0.012 wt.% and its aver-
ge value w¯ α
C 
at half of it. With these values and the graphite
raction g g set to 0.1, the change in graphite fraction upon heat-
ng from RT to 800 °C is about g g = -3.6 • 10 −4 (-3.6 • 10 −2 %). This
hange in graphite fraction may be converted into the size of the
ap formed in between the graphite spheroids and the surrounding
atrix upon heating from RT to 800 °C. For so doing, the 2D nod-
le count, N A , given above, may be converted to the volume nodule
ount by N V = 2π ·
N A
D 2
[12] , where D¯ 2 is the average diameter of the
pheroids as measured on the 2D section. With g g = N A · π ·( ¯D 2 )
2
4 , D¯ 2
ould be set to 15 μm which gives N V ≈ 24,600 mm −3 . The change
n graphite fraction can also be written as g g = N V · 4 · π · r¯ 2 · r¯ ,
n which r¯ and r¯ are, respectively, the average radius and aver-
ge change in radius of the graphite spheroids. This change in ra-
ius gives the size of the gap formed between the outer surface
f graphite spheroids and the surrounding matrix when the upper
te
 
a  
o  
o  
p  
b  
i  
t  
l  
t  
i  
i
 
m  
c  
a  
t  
t  
7  
t  
A  
t  
g  
f  
t  
w  
t
 
l  
v  
c  
t
F
D
 
c  
i
S
 
f  
0
R
[
 
[emperature of 800 °C is reached. By inserting the value of g g 
valuated above, one gets a gap size of 2.1 • 10 −2 μm. 
Though the above gap appears very small, it was readily re-
lised that if this value could accumulate from one cycle to an-
ther it would sum up to 42 μm after 20 0 0 cycles. As a matter
f fact, this latter value appears very similar to the length of the
rotuberances seen in Fig. 4 . This result thus suggests that the car-
on dissolved during heating and holding at 800 °C re-precipitated
n preferred locations during cooling and not uniformly around
he large particles. On the largest particles, reiterating this process
eads to the protuberances illustrated on Fig. 4 . Thermal cycling is
hus essential for the development of these morphological instabil-
ties, and this explains why they could not have appeared during
sothermal heat-treatment. 
Thermal cycling in the ferritic domain has been shown to dra-
atically decrease mechanical properties of spheroidal high-silicon
ast irons [3 , 4 , 6] . However, none of these previous works reported
 microstructure evolution as observed in the present work. In
he case of the works by Lin et al. [3 , 4] this was certainly due
o the maximum temperature they considered, either 700 °C or
50 °C, which may have been too low for graphite dissolution to
ake place. It appears more surprising that Cheng et al. [5] and
very et al. [6] did not observe microstructure changes similar to
hose detailed here as the highest temperature that they investi-
ated was also 800 °C. This is probably because these authors were
ocused on the areas damaged by thermomechanical cycling, but
his could as well be related to the very rapid cycles that they used
hich may not have given enough time for graphite dissolution in
he upper temperature range to occur. 
Understanding the detailed mechanism leading to the morpho-
ogical instabilities described here is certainly worthy of further in-
estigation, as well as evaluating if they may play a role in the de-
rease of the mechanical properties of high silicon SGI under cyclic
hermal loadings. unding 
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